Objective measurements of tissue area during histological examination of carcinoma can yield valuable prognostic information. However, such measurements are not made routinely because the current manual approach is time consuming and subject to large statistical sampling error. In this paper, a semi-automated image analysis method for measuring tissue area in histological samples is applied to the measurement of stromal tissue, cell cytoplasm and lumen in samples of pancreatic carcinoma and compared with the standard manual point counting method.
The results demonstrate that semi-automated image analysis is suitable for measuring tissue fractions in histological samples prepared with coloured stains and is a practical alternative to manual point counting.
Introduction

Benefits of quantitative histology
Objective measurements of pathological features made during the histological analysis of carcinoma have been shown to yield prognostic information additional to that available from traditional methods. Meijer et al (1994 Meijer et al ( , 1998 applied stereological techniques to the measurement of volume densities of stroma, epithelium and lumen in colorectal adenomas and used the results to identify patients at high risk of colorectal cancer. A stereological technique was applied by Artachoperula et al (1992) to the measurement of nuclear volume in carcinoma of the ampulla of Vater to show, inter alia, that large mean nuclear volume is associated with lower survival rate.
Quantitative histological techniques have also been used to improve understanding of tumour biology. Ozer et al (1999) measured vascular surface density and microvessel number in pancreatic ductal adenocarcinoma by stereology and showed that these were correlated with the occurrence of metastases, higher proliferative activity, poorer histologic differentiation and greater tumour size. In a study of angiogenesis in prostatic carcinoma, Barth et al (1997) used stereology to reveal a strong negative correlation between vascular surface area and the relative amount of tumour stroma.
Area measurement by point counting
Tissue quantification techniques are generally based on the principle of geometrical probability and manual point-counting, first described by Weibel (1963) almost four decades ago, and later reviewed by Cruzorive and Weibel (1990) . Measurement of length (via a graduated eyepiece) or of area (via a grid eyepiece) using a microscope requires many measurements per frame in order to achieve acceptable measurement accuracy. Several frames are required to characterize each tumour (Gundersen et al 1999) . The process is manually intensive, which tends to preclude quantititive measurements being taken on a routine basis.
The error in the estimate of tissue fraction measured by the point-counting technique can be calculated by noting that point-counting is itself a form of sampling, and that the result will be subject to statistical fluctuations. If the true fraction of a tissue component in an image is f , then the number r from a total of n lattice intersections which overlay the component will follow a binomial distribution. If n is large ( 20), the binomial distribution is well approximated by the normal distribution (Bland 1995) , and samples of tissue fraction (r/n) will follow a standard normal distribution with mean f and variance f (1 − f )/n. The 95% confidence interval in tissue fraction for large samples is therefore given by ±1.96(f (1 − f )/n) 1/2 . For example, if 46 of 100 lattice intersections overlay a particular tissue type, then the 95% confidence interval for the true tissue fraction is 0.362 to 0.558 (36.2% to 55.8%). In this paper, we express tissue area as a percentage of the total area of each image.
Automatic image segmentation using cluster analysis
A histological slide prepared by some form of staining reaction contains information about the excised tissue. This information lies in both the morphological appearance of the tissue (spatial component) and in the range of colours produced by the staining reaction (colour component).
The trichromatic theory of colour vision (see, e.g. Pratt 1991) states that it is possible to match an arbitrary colour by superimposing appropriate amounts of three primary colours. More generally, any colour can be described as a single point within a three-dimensional colour space. For example, in the RGB scheme, the red, green and blue axes equate to the x-, y-, and z-axes of a Cartesian coordinate system. Other forms of three-dimensional coordinate systems have been defined, including the non-Cartesian HSI (hue-saturation-intensity) scheme used by Klette and Zamperoni (1996) . In this system, hue (dominant colour) is described by an angle on a colour wheel, saturation is the dilution of the colour in white and intensity is the overall brightness.
Histological images typically contain thousands of different colours. If each pixel in an image is plotted as a single point in a three-dimensional colour space, then the spatial information content of the image is lost, but the colour information content becomes more apparent. In such a plot, regions of similar colour will become clusters of points. The task of segmenting an image into regions of different tissue type becomes one of subdividing the three-dimensional colour space into mutually exclusive compartments, each of which contains a cluster of pixels (Pratt 1991) .
Commercial and experimental systems
Various commercial systems exist for extracting quantitative information from digitized histological images. Such systems solve very specific problems (so-called turnkey solutions), or are intended as general purpose utilities for manipulating images (so-called toolbox systems). There are currently no commercial turnkey systems which quantify tissue area in histology. Most toolbox solutions permit image segmentation by means of manual or semi-automatic thresholding (in overall intensity, or in separate colour channels), but to our knowledge, none supports segmentation in colour space by means of cluster analysis.
The aim of this study
Pancreatic carcinoma is frequently associated with a marked desmoplastic response, but this stromal reaction (Gress et al 1995) has not previously been incorporated into a prognostic matrix because of the impracticality of obtaining quantitative measures using manual methods.
In this paper we compare two methods for measuring the area of stroma, cell cytoplasm and lumen in histological samples of pancreatic carcinoma. A semi-automated technique, based on image segmentation using colour information, is compared to the accepted manual method using point counting.
Method
Histology and image acquisition
Images were obtained from 26 cases of pancreatic carcinoma treated by standard KauschWhipples pancreaticoduodenectomy, by a single surgeon (ampullary cancer (n = 14), ductal carcinoma (n = 3), cholangiocarcinoma (n = 2), carcinoma of uncertain origin within the head of the pancreas (n = 6) and ampullary adenoma (n = 1)). All tissue was received fresh, and after partially opening the pancreatic and common bile ducts it was fixed in formalin for a total of 48 h. The head of the pancreas was then serially sliced, parallel to the common bile duct and blocks of the tumour were taken. These included the surgical resection margins.
For the purpose of this study the paraffin blocks were retrieved and stained using the sirius red, light-green method (Sweat et al 1964) . This identified three components: stroma (stained various shades of red), epithelium (shades of light green) and clear spaces, which represented the ductal lumina.
Images were taken using a Leica Q500 MC image analyser system at two magnifications (objectives ×4 and ×10). This gave an area for analysis of 8.64 mm 2 and 1.37 mm 2 respectively. Each image was of size 512 × 512 pixels and each pixel occupied 24 bits (8 bits each for the intensities of the red, green and blue channels).
At each magnification, one image was captured from each of the 26 samples (52 images in total). Images were selected by a pathologist (MKB) and the two images (at ×4 and ×10) from each sample did not overlap. These images were analysed in order to compare the two methods of measurement. A further 15 images at each magnification from a single sample (30 images in total) were captured in order to measure the repeatability of the semi-automated image analysis technique.
Measurement of tissue fraction by manual point counting
For each of the 52 different images, the fractional area occupied by (i) stromal tissue, (ii) cell cytoplasm and (iii) lumen was measured using a point counting technique described by Weibel (1963) . A computer program (Quantim) was specially developed to display each colour image on a computer monitor configured to display images at a colour resolution of 24 bits per pixel. This program allowed a lattice (drawn in yellow for clarity) to be superimposed on each image. The square lattice comprised 100 intersections according to Haug (1955) . This technique is the computer equivalent of inserting a graduated eyepiece graticule into a microscope.
For n = 100 lattice intersections, the binomial distribution is well approximated by the normal distribution (Bland 1995) if the tissue fraction lies between 5% and 95%, which was true for all images and tissue types used in this study. Expected errors in the manual technique were calculated using this approximation.
The square lattice was superimposed onto each image, and the type of tissue at the pixel underlying each intersection was manually recorded as being stroma, cell cytoplasm or lumen. The percentage area occupied by stromal tissue, for example, was therefore estimated by counting the number of intersections on stroma.
Measurement of tissue fraction by semi-automated image analysis
We applied the clustering algorithm of Coleman and Andrews (1979) to coloured histology images. This segmentation algorithm made use of colour content in order to divide an image into regions of similar attribute (tissue type). The algorithm was based on the statistical technique of calculating within-cluster and between-cluster variances. In this case, the statistical random variable was the distance between two pixels in a cluster (or a pixel and a cluster centre) in a three-dimensional colour space. Since the outcome of the segmentation process should not depend on the colour coordinate system which is adopted, we chose the simplest, namely the Cartesian RGB system.
The segmentation algorithm was written in the C++ programming language. The algorithm automatically segmented each colour image into K distinct clusters of pixels (where K was of the order 20 for this study) such that the member pixels of any one cluster were of similar colour. The fractional area of each cluster (i.e. area occupied by each cluster) was equal to the number of pixels in the cluster divided by the number of pixels in the image.
Images were then created in which the colour of each pixel was replaced by the colour of its cluster centre. Visually these images were similar to their originals, but were composed of only K different colours. Classification of each of the K colours to one of the three tissue components (stroma, cytoplasm or lumen) was performed manually using the image analysis tool to identify each cluster in turn.
Quality assurance
Whilst the colour segmentation algorithm itself is inherently deterministic, its results are subject to measurement error when deployed as part of a system. In particular, small variations in illumination or focus coupled with electronic noise in the camera used to digitize may influence the result of the algorithm without making any difference to visual perception of the images. Repeatability of the image analysis method was measured separately for each of the two magnifications used throughout this study (×4 and ×10). For the tissue sample selected, the microscope stage was fixed in position such that a part of the tumour fully occupied the field of view. Without moving the microscope stage, images were captured in three groups. Group 1: illumination and focus were optimized to give the best visual image and five frames were captured sequentially. Group 2: illumination remained constant whilst the microscope was re-focused before capturing each of five frames. Group 3: focus remained constant whilst the illumination was re-adjusted to a visually acceptable level before capturing each of five frames. Thus, for each of the two magnifications, 15 images were captured. All 30 images were processed using the segmentation algorithm in order to calculate percentage areas of the principal tissue components. Within-groups variance was calculated in order to establish the repeatability of the technique. Figure 1 shows the image analysed at a magnification of ×4 (part (a)) and at ×10 (part (b)).
Comparison of the two measurement techniques
A single observer (AJS) measured the percentage of stromal tissue, cell cytoplasm and lumen in each of the 52 images by the manual point counting technique described in section 2.2. Each of the 52 images was then also measured using the semi-automated image analysis technique described in section 2.3. F, I constant 59.5 ± 1.7 32.9 ± 1.9 7.6 ± 0.9 32.5 ± 2.3 58.0 ± 2.3 9.5 ± 0.6 I constant 59.0 ± 1.8 33.7 ± 1.7 7.4 ± 0.8 33.1 ± 2.8 57.3 ± 2.6 9.6 ± 1.0 F constant 59.3 ± 1.4 33.0 ± 0.7 7.7 ± 1.3 36.8 ± 2.4 55.0 ± 2.1 8.2 ± 0.6
To assess the agreement between the manual and semi-automated image analysis techniques for measuring tissue fraction, the statistical method described by Bland and Altman (1986) was used. This method analyses the difference between observations by two separate measurement techniques. It provides a quantitative estimate of the bias (i.e. the mean difference between the techniques) and the limits between which most differences lie.
Six separate comparisons (three tissue components, two magnifications) of the two techniques were made, each yielding 26 values for the difference between the two methods. Manual point counting measurements were subject to statistical sampling error. Image analysis measurements were subject to repeatability errors (as measured by the quality assurance process). For each comparison, these errors were combined into an expected standard deviation of differences, which was compared with the actual standard deviation of differences. Table 1 shows tissue percentages (mean ± standard deviation) obtained during the image analysis quality assurance process. A one-way analysis of variance, performed on the three groups of five images for each magnification showed that there were no significant differences between the effects of illumination and focus, and hence variability primarily arose from the image capture process itself. Therefore, the area standard deviation measurement error (for each tissue component) was calculated from the within-groups variance. Note that the quality assurance images for ×4 and ×10 magnifications were chosen from different parts of the slide and that the similar values for the area of stroma (×4) and cytoplasm (×10) are coincidental. Table 2 shows these results, together with the number of points per frame which would be required to achieve the same measurement accuracy using manual point counting, according to the formula given in section 1.2. These results demonstrate that with the 100-point manual technique, the error associated with the manual point counting technique is greater than that associated with the semi-automated technique by a factor of between 2.0 and 3.6. Figure 2 shows the result when the cluster algorithm was applied to an image (at ×4 magnification). The original image (a) was automatically found to be separable into five clusters. Parts (b) to (f ) of figure 2 are resultant binary images where the black areas correspond to the set of pixels in the original which are members of the same cluster. The sum of the number of black pixels in images (b) to (f ) is equal to the total number of pixels in the original (a). Clusters were manually classified into tissue type by the method described in section 2.3. a The SD for manual point counting (for 100 points per image) is provided for comparison with that for the semi-automated image analysis technique, together with the equivalent number of manual points (n) required to achieve the same repeatability as for the semi-automated technique.
Results
Quality assurance
Comparison of the two measurement techniques
Figure 3(a) shows the comparison of stromal tissue percentage area measured by the two methods for the 26 images at ×10 magnification. Vertical error bars are the estimated manual sampling errors (equal to ±1 standard deviation, as described above). Horizontal error bars represent the repeatability of the computer image analysis technique (from table 2). The line of equality (perfect agreement) is shown for reference. Figure 3(b) shows the difference of each pair of measurements plotted against their mean. There is no relationship between the difference and the mean. The graph also shows the estimated bias, and the upper and lower limits of agreement, within which 95% of differences are expected to lie. Similarly, figure 4 shows the results of comparing the percentage of cell cytoplasm measured by the two techniques for the 26 images at a magnification of ×10.
Each separate comparison yielded 26 values for the difference between the two methods. Table 3 summarizes the results of each of the six separate comparisons. All values have units of percent tissue area. The expected standard deviation of differences was calculated by combining the manual point counting errors (from the equation given in section 1.2, where f was equal to the mean tissue fraction of the 26 samples and n = 100) and the repeatability errors derived from QA calculations (table 2) . For all six comparisons, the expected error lies within the 95% confidence interval for the actual standard deviation of differences.
Discussion and conclusions
Measurement accuracy
We have shown that a semi-automated image analysis technique for measuring the area of a tissue component in a histological sample is more accurate than measurement by manual point counting, for the recommended use of 100 points. Principally this is because the semi-automated method considers every pixel in the image whilst manual point counting is a sampling technique where the size of the sample is limited by practical considerations.
Direct comparison of methods for measuring area
For six separate comparisons between the two techniques (two magnifications, three tissue components), no significant bias was detected. If a significant bias was to be revealed by a larger sample size, these results indicate that such a bias will be small (less than 2%) and therefore clinically insignificant. Both measurement techniques are subject to variability. Therefore, it is expected that the differences between the two techniques will be subject to a variance equal to the sum of the variances of the individual techniques. This proved to be the case for the samples analysed in this study: the 95% confidence interval for the actual standard deviation of differences included the expected standard deviation of differences for all six separate comparisons. Whilst a larger sample size may reveal the presence of additional sources of variance, these results show that any additional sources will be small compared to statistical fluctuations due to manual point counting. The standard deviation for repeatability of the semi-automated technique alone was Area mean −2.0 to 3.6 −2.1 to 2.9 −2.6 to 0.3 −1.3 to 3.3 −2.9 to 2.4 −2.6 to 0.8 Actual SD of differences 6.9 6.2 3.6 5.7 6.5 4.1 Actual SD of differences (95% CI) 4.9 to 9.0 4.4 to 8.0 2.5 to 4.6 4.0 to 7.4 4.6 to 8.4 2.9 to 5.3 Expected SD of differences 5.1 5.2 3.6 5.3 5.5 3.6 small, and lay outside the 95% confidence interval for the standard deviation of differences between the techniques unlike that for the manual technique alone. Further applications of the image analysis technique may be possible. It has the general ability to segment regions of an image which are separated in colour space. In addition, the automatic sub-division of, for example stroma (e.g. figure 2 parts (e) and (f )) may have histological significance. Further investigation is required to establish whether this is a useful application of the semi-automated technique.
Clinical significance
The image analysis technique presented here is not yet packaged into a form suitable for routine clinical use. Additionally, in its present form, the image analysis method requires manual classification of colour segments to tissue type and cannot be considered as unsupervised. Whilst the segmentation technique described here is generally applicable to images captured from coloured stains, classification algorithms generally will be specific to stain and tumour type.
The comparison set (26 cases, 2 magnifications) comprised images from several pancreatic tumour types and locations. Whilst this set was suitable for comparing two measurement techniques, it contained insufficient information to detect any trends or associations between the measured tissue areas and the type or degree of differentiation of the carcinomas examined. It is now practical for future studies to use the semi-automated algorithm described to measure several images per tumour and to compare results with clinical outcome or assessment.
The results achieved demonstrate the potential for using computer analysis to measure tissue fractions in histological samples prepared with multi-coloured stains. The present, manual method for measuring tissue fraction is little used because it is time consuming, operator intensive and subject to large statistical sampling errors. We have demonstrated that a semi-automated image analysis technique is more accurate than manual point counting for measurement of tissue area.
